A high-fat diet is thought to enhance inflammation in various tissues by increasing insulin resistance. In this study, we determined the mRNA levels of inflammatory cytokines in leukocyte-derived cells in the blood of rats with high-fat-diet-induced insulin resistance. Feeding rats a high-fat diet for 77 d induced moderate insulin resistance, which was determined by increased plasma glucose and insulin concentrations, following an oral glucose tolerance test. The interleukin (IL)-1 mRNA level was higher in the insulin-resistant rats than in control rats at the fasting stage, whereas the tumor necrosis factor (TNF)-mRNA level was greatly elevated at 180 min after glucose administration in the insulin-resistant rats. The results suggest that feeding rats a high-fat diet enhances the expression of fasting IL-1 and postprandial TNF-genes in leukocytederived cells.
Insulin resistance, which is believed to be caused by obesity, an accumulation of visceral fat, immobilization and stress, induces diabetes, an abnormal lipid metabolism and related complications such as cardiovascular disease, hypertension and inflammation of peripheral tissues, by decreasing the insulin sensitivity in various tissues. Thus, preventing insulin resistance is important for reducing the risk of developing these diseases. Many recent epidemiological studies have indicated that not only fasting, but also postprandial hyperglycemia caused by insulin resistance is associated with the mortality and development of complications in diabetic patients. 1, 2) It is believed that insulin resistance leads to inflammation in many tissues caused by insulin resistance itself or by hyperglycemia, because the abnormal expression of adipocytekines such as adiponectin, tumor necrosis factor-(TNF-), resistin and visfatin in adipose tissues with insulin resistance is concerned with increasing inflammation and insulin resistance in various tissues. 3) It is also known that insulin resistance, as well as hyperglycemia, in diabetic patients is associated with the plasma levels of such circulating inflammatory cytokines as TNF-, interleukin (IL)-1, IL-6, IL-12 and IL-18. [4] [5] [6] These cytokines are mainly expressed in leukocytes, including macrophages, monocytes and neutrophils, as well as in many peripheral tissues. [7] [8] [9] The functions and roles of cytokines secreted from each tissue are presumably different, and their expression should be determined in each tissue. Many recent studies using animal models of insulin resistance have shown that TNF-and IL-6 are highly expressed in adipose tissues with insulin resistance. 10) The mRNA levels of IL-6 and TNF-are also higher in the liver of insulinresistant than normal animals.
11) It is well known that the production of IL-1 from cells in pancreatic islets is elevated when the cells are exposed to hyperglycemia. 12, 13) The cytokines expressed in peripheral tissues are believed to present an antigen to leukocytes such as monocytes and macrophages that kills the abnormal cells induced by hyperglycemia and insulin resistance. Several cell studies have indicated that the elevation of IL-1 expression in monocyte cell lines by a high glucose and TNF-treatment was associated with attachment of the cells with the HUVEC vascular endothelial cell line. [14] [15] [16] [17] Cell studies have indicated that the induction of IL-1 and TNF-expression in neutrophils by hyperglycemia and hyperinsulinemia was associated with the dysfunction of phagocytosis in the cells. 18, 19) Indeed, it is well known that monocyte/macrophage attachment to vascular endothelial cells and adipose tissues, and the dysfunction of phagocytosis in neutrophils can be found in patients and animals with diabetes. [20] [21] [22] These results indicate not only that diabetic conditions such as hyperglycemia and hyperinsulinemia lead to disturbance of the monocyte/macrophage and neutrophil functions, but also that cytokine expression in these cells may be concerned with this disturbance.
However, it is unclear whether expression of these cytokine genes in leukocytes is altered in animals with insulin resistance, because gene expression in leukocytes is vulnerable to variation after collecting blood.
We examined in this study the mRNA levels of inflammatory cytokines in leukocyte-derived cells of rats with insulin resistance induced by feeding them a high-fat diet; The PAXgene system, which has been developed for determining mRNA level in leukocytes, was used. We also examined whether postprandial hyperglycemia increased the gene expression in leukocyte-derived cells of rats with insulin resistance. The results in current study suggest that rats with insulin resistance have not only a higher level of IL-1 mRNA at fasting, but also a higher level of TNF-mRNA in the postprandial period.
Materials and Methods
Animals. Nineteen male Sprague-Dawley rats (6 weeks old) were obtained from SLC (Hamamatsu, Japan). The rats were maintained at a stable temperature (22 AE 2 C) and humidity (55 AE 5%), with a 12-h light/ dark cycle (light: 07:00-19:00 h). After feeding the rats on standard laboratory chow (MF; Oriental Yeast, Tokyo, Japan) and water for 6 d, all rats were administered with a single oral dose of glucose which formed the basis for an oral glucose tolerance test (OGTT). According to the result of the first OGTT, the rats were assigned to two groups without any significant differences in the fasting plasma glucose concentration, glucose concentration at 2 h after glucose administration, and body weight. The first group of rats (n ¼ 4) was given a standard laboratory chow diet, and the second group (n ¼ 15) was given a high-fat diet. The high-fat diet contained 32.1 energy % of safflower oil [high oleic type provided by Nisshin Oilio (Yokohama, Japan)], 32.1 energy % of lard, 14.3 energy % of casein, 14.3 energy % of sucrose, 7.1 energy % of -corn starch, and vitamins and minerals based on AIN-93 (Table 1) . 23) The rats in both groups were fed the respective diets for a further 77 d. The second and third OGTTs were performed on 18 and 77 d, respectively, after feeding the experimental diets. The experimental procedure used in the present study met the guidelines of the Animal Usage Committee of the University of Shizuoka, Japan.
OGTT. OGTTs were performed on the rats at 0, 18 and 77 d after feeding the respective diets. The rats were orally administered with a glucose solution (2 g/kg of body weight, 10 ml/kg of body weight) after overnight fasting, and blood samples were collected at fasting (0 min) and 15, 30, 60, 120 and 180 min after glucose administration from the tail vein. The blood was centrifuged at 1,500 g for 15 min, and the supernatant was collected as plasma and used for determining the parameters.
Parameters. We measured the overnight fasting plasma levels of glucose, triglycerides, free fatty acids (FFAs), adiponectin, total cholesterol, and high-density lipoprotein (HDL) cholesterol before and 18 and 77 d after starting the experimental diets. Glucose, triglycerides, FFA, total cholesterol and HDL cholesterol were measured by commercial kits (Wako Pure Chemical Industries, Osaka, Japan). Adiponectin was measured using a CircuLexÔ Mouse/Rat Adiponectin ELISA Kit (CircuLex, Nagano, Japan). Fasting plasma insulin was measured at 77 d after feeding the respective diets, using a Rat Insulin ELISA KIT (AKRIN-010; Shibayagi, Gunma, Japan). Body weight was measured every 2-3 d.
Real-time RT-PCR. Blood samples were obtained from the tail vein, and each sample was immediately mixed in a PAXgene RNA tube with a fixation solution which is able to immediately fix leukocytes not to change mRNA levels in these cells (Qiagen/BD, Tokyo, Japan). The blood samples with fixation solution were incubated at room temperature for 1 d and then stored at À70 C according to the manufacturer's instructions. Total RNA from the leukocyte-derived cells at 0 and 180 min after glucose administration was extracted from 
Expression of the Inflammatory Cytokine Gene in Insulin Resistancethe blood using a PAX Blood RNA kit purchased from PreAnalytix (Qiagen/BD, Tokyo, Japan). The PAXgene Blood system enables mRNAs of the leukocytes to be measured, because this system immediately stabilizes blood RNA as just described. Total RNA samples (200 ng) were converted to cDNA by reverse transcription using SuperScriptÔ III RT (Invitrogen, Tokyo, Japan) according to the manufacturer's instructions. To quantitatively estimate the mRNA levels of selected genes, PCR amplification was performed on a LightCycler instrument (Roche Molecular Biochemicals, Tokyo, Japan). Real-time PCR reactions were carried out in a total volume of 20 ml containing 400 nM each of gene-specific primers, cDNA and SYBR Premix Ex Taq (Takara, Shiga, Japan). The amplification conditions were as follows: pre-activation at denaturation at 95 C for 15 s, annealing at 60 C for 10 s, and extension at 72 C for 15 s. The PCR primer sequences are listed in Table 2 . The cycle threshold (CT) values for each gene and hypoxanthine guanine phosphoribosyl transferase (HPRT) detected by real-time RT-PCR were converted to the signal intensities by the delta-delta method 24) which calculates the difference of one CT value as a two-fold difference between each signal for each gene and the signal for a gene for normalization (HPRT). The formula is [2 (CT each gene-CT HPRT) ].
Statistical analysis. Each value is expressed as the mean AE SE. The significance between two groups was evaluated using Student's t test. Multiple means were compared by Tukey's multiple-range test based on ANOVA (when data showed equality of variance) or Tukey's multiple-range test based on the KruskalWallis test (when data showed unequal variance). P < 0:05 is considered to indicate statistical significance.
Results

Effect of high-fat-diet-induced insulin resistance on blood biochemical parameters in rats
Prior to feeding the experimental diets, all animals underwent the first OGTT. The plasma glucose concentrations during 180 min after glucose loading did not differ significantly between the assigned groups (data not shown). The second and third OGTTs were performed on 18 and 77 d after the start of feeding the high-fat diet to assess the development of insulin resistance. After 18 d, the rats that had been fed the high-fat diet had significantly greater glucose concentrations than control rats at 30 and 120 min after glucose administration (Fig. 1A) . The body weight and other blood biochemical parameters after 18 d were not significantly different between the control-and highfat-diet rats (Table 3) . After 77 d, the body weight was significantly higher in the rats fed a high-fat diet than in the control animals (Table 3) , and the plasma glucose concentrations at 0, 15, 60, 120 and 180 min after glucose administration were significantly greater in the rats fed a high-fat diet than in the control animals (Fig. 1A) . The rats fed a high-fat diet also had significantly greater insulin concentrations than the control rats at 0, 60, 120 and 180 min after glucose administration (Fig. 1A) . The fasting plasma concentrations of glucose, insulin, total cholesterol, and HDL cholesterol were significantly higher in the rats fed a high-fat diet than in the control rats, while the fasting plasma FFA concentrations were lower in the rats fed a high-fat diet than in the control rats. No significant differences were apparent in the fasting plasma triglycerides and adiponectin between the groups ( Table 3) .
We focused in this study on the cytokine gene expression in leukocyte-derived cells of rats with insulin resistance. Therefore, we selected six rats with greater fasting plasma glucose concentrations and plasma glucose area under the curve (AUC) after glucose administration. The basic blood biochemical parameters in four control rats and these six rats fed a high-fat diet are shown in Table 4 , and the results of the OGTTs on these rats are shown in Fig. 1B . As shown in Table 4 , the fasting plasma glucose levels in the selected rats fed the high-fat diet were significantly higher than those in the rats fed a laboratory chow diet at 77 d. The plasma glucose and insulin concentrations at 60, 120 and 180 min after glucose administration were also significantly greater in the rats fed a high-fat diet for 77 d than in the control rats (Fig. 1B) . The plasma glucose concentrations at 0 and 120 min after glucose administration, and the glucose AUC value tended to be higher in the selected rats fed a high fat diet (the animals with higher insulin resistance) than in the unselected rats (the animals with lower insulin resistance), while the plasma insulin concentrations at 0 and 120 min after glucose administration were also significantly higher in the selected rats than in the unselected rats (Table 5) .
Effects of high-fat-diet-induced insulin resistance on the expression of inflammatory cytokine genes in leukocyte-derived cells of the rats
To examine whether the gene expression in leukocyte-derived cells at fasting and postprandial periods was altered by the insulin resistance induced by the high-fat diet, we performed real-time RT-PCR, using total RNA extracted from leukocyte-derived cells at 0, 18 and 77 d after starting feeding rats the high-fat diet. The TNF-mRNA levels in leukocyte-derived cells were 1.9-fold greater (P < 0:01) at 180 min than at time 0 on day 0 of feeding the experimental diets. After 18 d of feeding, the TNF-mRNA levels tended to be higher at 180 min than at time 0. The animals fed the high-fat diet for 77 d showed 3.6-fold greater (P < 0:05) TNFmRNA levels at 180 min than at time 0 (Fig. 2) . The IL-1 mRNA levels did not differ significantly between the groups or between time 0 and 180 min after glucose administration after 18 d of feeding. After 77 d, the IL-1 mRNA levels were significantly higher in the rats fed a high-fat diet than in the control rats at both 0 and 180 min after glucose loading [2.4-fold (P < 0:05) and 1.8-fold (P < 0:05), respectively] (Fig. 2) . The IL-6 mRNA levels did not differ significantly between groups or between time 0 and 180 min after glucose administration at 18 d. After 77 d, the IL-6 mRNA levels in the leukocyte-derived cells tended to decline after glucose administration in both dietary groups (Fig. 2) . The mRNA levels for IL-12p35 and IL-18 did not differ significantly between the dietary groups or between time 0 and 180 min after glucose administration (Fig. 2 , IL-12p35; data not shown).
Discussion
It is well known that both hyperglycemia and insulin resistance increase the development of inflammation and diabetes. Many animal and epidemiological studies have demonstrated that the plasma concentrations of such inflammatory cytokines as TNF-, IL-1, IL-6, IL-12 and IL-18 are associated with the development of insulin resistance as well as diabetes. [4] [5] [6] 10) Recent studies have also indicated that the expression of some cytokines was induced in many peripheral tissues such as adipose tissues, pancreas and liver by the development of insulin A, Comparison between rats fed a chow diet (n ¼ 4) and all rats fed the high-fat diet (n ¼ 15). B, Comparison between rats fed a chow diet (n ¼ 4) and rats fed the high-fat diet with higher fasting glucose and plasma glucose AUC levels used for the analysis of leukocyte gene expression. Value is the mean AE SEM. Asterisks indicate significant differences (Student's t test) when compared with the control rats ( Ã P < 0:05, ÃÃ P < 0:01).
resistance or hyperglycemia. 10, [25] [26] [27] Furthermore, recent cell studies have revealed that monocyte attachment with the vascular endothelial cells and the dysfunction of phagocytosis in neutrophils under the condition of hyperglycemia and hyperinsulinemia were associated with cytokine production in their cells. [14] [15] [16] [17] [18] [19] However, it has not been determined whether insulin resistance can induce cytokine gene expression in leukocytes in animal models.
To explore whether insulin resistance alters the mRNA levels of inflammatory cytokines in leukocytederived cells, rats were fed a high-fat diet rich in saturated fatty acids and oleic acid. Many previous studies have shown that a high-fat diet induced insulin resistance in rats and mice. 11, 27, 28) In the present study, rats fed a high-fat diet for 77 d showed significantly higher glucose levels at time 0 and at 15, 60, 120 and 180 min after glucose administration than the control (6) fasting glucose (mg/dl) 120 AE 6 129 AE 2 120 min-glucose after OGTT (mg/dl) 172 AE 6 188 AE 9 fasting insulin (ng/ml) 4:0 AE 0:6 6 :7 AE 1:1 rats did. Although the fasting plasma glucose levels tended to decrease in the rats fed a clow diet (107 AE 2) at 77 d compared with the same animals at 0 d (129 AE 6), the plasma glucose concentrations at 120 min after glucose administration were higher in the rats fed a high-fat diet at 77 d (179 AE 5) than in those at 0 d (123 AE 12). Additionally, the plasma insulin concentrations at time 0 and 60, 120 and 180 min after glucose administration at 77 d were higher in the rats fed a highfat diet than in the control rats (Fig. 1A) . We therefore considered that the rats fed a high-fat diet for 77 d developed insulin resistance. The reason why the fasting glucose and glucose AUC levels were reduced by feeding the rats a high fat diet/chow diet for 77 d is unclear. The quality and quantity of the adipose might be changed, as they got older. To examine the effects of insulin resistance on the gene expression of cytokines in leukocyte-derived cells, we chose a group of rats with the higher levels of plasma glucose and insulin at 0, 60, 120 and 180 min after glucose administration on 77 d ( Table 4 and Fig. 1B) , and investigated the expression of inflammatory cytokine genes in leukocyte-derived cells collected on 0, 18 and 77 d after starting the highfat diet. We found that the TNF-gene expression was higher at 180 min after glucose administration than at time 0, even in these animals fed a control diet on days 0 and 77. The animals fed a high-fat diet for 77 d had a more than two-fold greater TNF-mRNA levels at 180 min than at time 0. TNF-mRNA levels gradually increased with age in both dietary groups. These results indicate that postprandial hyperglycemia induced TNFgene expression to a greater extent in the rats with insulin resistance. The results in this study are consistent with epidemiological studies showing that meals rich in fat induced an increase in the plasma TNF-concentration in patients with insulin resistance, 14, 29, 30) although it is still unclear whether the plasma concentration of TNF-was associated with the expression in leukocytes. Interestingly, the gene expression of IL-1 in the rats fed a high-fat diet for 77 d was higher than that in the control rats at both time 0 and 180 min after glucose loading (Fig. 2) . This result suggests that the development of insulin resistance enhanced the IL-1 gene expression in leukocyte-derived cells. It is still unclear whether or not the higher expressions of IL-1 at fasting period and of TNF-in the postprandial period in leukocyte-derived cells of the rats with insulin resistance are concerned with monocyte/macrophage infiltration into the vascular endothelial/adipose and with dysfunction of phagocytosis in neutrophils, as well as the development of diabetes and its complications. We determined in this study cytokine mRNAs in whole leukocytes. Thus, it is still unclear whether the elevation of cytokine gene expression in leukocyte-derived cells of the rats with insulin sensitivity is originally from monocyte and/or neutrophils. This is a technical limitation, because leukocyte mRNA cannot be determined after fractionating each kind of cell, since mRNA in leukocytes is altered immediately after collection. Considering that neutrophils constitutes 40-60% of blood leukocytes, the elevation of mRNAs of IL-1 and TNF-in leukocyte-derived cells of the rats with insulin resistance may be mostly affected by those changes in neutrophils. Although the current technique for determining cytokines in leukocyte-derived cells in vivo has such a problem, we speculate that determining the cytokine expression in leukocyte-derived cells may be useful for examining abnormality of leukocytes such as neutrophils and monocytes, and for predicting the risk of developing diabetes and its complications. It should be noted that rats fed a high-fat diet did not show higher IL-6 levels of the leukocyte-derived cells in insulinresistant rats in this study, while recent studies have indicated that the plasma IL-6 protein levels were enhanced by the development of insulin resistance. 31) We consider that the variation in IL-6 gene expression in leukocyte-derived cells may not be associated with changes in the plasma levels of IL-6 protein expression caused by the development of insulin resistance, because most IL-6 protein in the plasma is presumably secreted from adipose cells, 10) as well as from other peripheral tissues. The reason why the IL-12p35 and IL-18 mRNA levels were unchanged by feeding rats a high-fat diet is unclear at present. It is likely that the insulin resistance model developed in this study is moderate. Future studies should investigate whether the inflammatory cytokine mRNA levels are enhanced in animal models with severe insulin resistance. It should be also examined whether the elevation of fasting IL-1 and postprandial TNF-gene expressions in leukocytederived cells of the insulin-resistant rats is associated with the plasma concentrations of these cytokines and the mRNA levels in other perinatal tissues.
In conclusion, the results of the present study suggest that high-fat-diet-induced insulin resistance may increase the risk of inflammation by enhancing fasting IL-1 and postprandial TNF-gene expression in leukocytederived cells. The results from the present study warrant further investigation into whether the expression of TNF-and IL-1 genes in leukocyte-derived cells is altered in human subjects with insulin resistance.
